INTRODUCTION
Stem cells are defined by their ability to self-renew, their uncommitted state and yet their capacity to generate committed progeny that will ultimately undergo terminal differentiation. During embryogenesis, an orchestrated commitment of stem cells underlies the formation of the germ layers and adult structures (Arnold and Robertson, 2009; Hemberger et al., 2009 ). In adult tissues, however, a homeostatic state is reached where stem cell numbers are in relative equilibrium with their terminally differentiated progeny (Blanpain et al., 2007; Li and Clevers, 2010) . Thus, within adult tissues, the properties of stem cells including self-renewal and commitment status need to be safeguarded and coupled to the needs of the tissue to provide new differentiated cells. Consequently, the commitment choice of stem cells is crucial for tissue homeostasis: this decision is often irreversible and will limit the number of stem cells in the tissue.
The adult Drosophila midgut harbors multipotent intestinal stem cells (ISCs) and is a powerful model system with which to investigate basic mechanisms of maintenance, proliferation, commitment and terminal differentiation (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006) . Long-term maintenance and ISC proliferation are controlled in part by a surrounding layer of muscle cells that secretes ligands activating Wingless and Jak/Stat in ISCs (Lin et al., 2008; Lin et al., 2010) . Surrounding terminally differentiated cells also regulate proliferation in response to tissue cell death, nutrition, oxidative stress and aging via the Jak/Stat, Jnk, InR, EGFR and Hippo signaling pathways (Amcheslavsky et al., 2009; Buchon et al., 2009a; Buchon et al., 2009b; Chatterjee and Ip, 2009; Jiang et al., 2009; Buchon et al., 2010; Karpowicz et al., 2010; Liu et al., 2010; McLeod et al., 2010; Ren et al., 2010; Shaw et al., 2010; Staley and Irvine, 2010; Biteau and Jasper, 2011; Jiang et al., 2011) . In addition, Hippo signaling, as well as inhibition of Wingless signaling by Adenomatous polyposis coli, are required cell autonomously in ISCs to limit proliferation (Lee et al., 2009; Karpowicz et al., 2010; Shaw et al., 2010) . Furthermore, permissive signals such as Insulin also influence ISC proliferation (Biteau et al., 2008; Amcheslavsky et al., 2009 ). These signals seem to primarily act on proliferation rate of the ISCs or the number of dividing ISCs at any given time.
Cell fate acquisition governing self-renewal of the ISC and daughter cell terminal differentiation is controlled largely by Notch signaling occurring between the two ISC daughter cells (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006) . Each ISC divides to self-renew and to produce a daughter cell (enteroblast; EB) that does not divide but will terminally differentiate into one of two types of cells: an enteroendocrine cell (ee) expressing Prospero (Pros) or an enterocyte cell (EC) expressing Pdm1 and undergoing endoreplication to become a large epithelial cell ( Fig.  1A ) (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006; Lee et al., 2009 ). The Notch ligand Delta is specifically expressed in ISCs (Ohlstein and Spradling, 2007) . Upon division of the ISC, expression of the Notch ligand Delta is progressively restricted to one of the two daughter cells. This cell keeps the ISC fate and activates the Notch receptor in its sister cell, the EB, thereby promoting expression of Notch target genes that are important for differentiation (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2007; Bardin et al., 2010) . Loss of Notch signaling results in increased numbers of stem cells, increased numbers of ees and a loss of ECs (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006) . The Jak/Stat pathway is also involved in promoting the differentiation (Lin et al., 2010; Beebe et al., 2010) .
Specification of ee and EC daughter terminal cell fates has been proposed to be regulated by differential Notch signaling, whereby low signaling promotes ee fate and high signaling promotes EC fate (Ohlstein and Spradling, 2007) . This model is supported by the correlation of Delta protein levels in the ISC with the fate of its recently specified daughter cell, as well as the Notch mutant phenotype (Ohlstein and Spradling, 2007) . Thus, it is clear that Notch signaling promotes terminal differentiation and needs to be kept off in the ISC for the fate of this cell to be maintained via preventing differentiation (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006; Ohlstein and Spradling, 2007; Bardin et al., 2010) . However, whether Notch regulates the commitment process of the ISC daughter cells independent of its role in regulating terminal differentiation is not known.
Here, we show that the self-renewal versus commitment choice can be altered without affecting the proper specification of the differentiated cells. In a genetic screen, we identified the gene GDP-mannose 4,6-dehydratase (Gmd) as being specifically required to limit the number of uncommitted ISCs, yet Gmd was dispensable for terminal differentiation. Gmd has previously been shown to be required for GDP-fucose production in flies and to affect Fringe-dependent Notch signaling via Notch receptor fucosylation by the fucosyltransferase Ofut1 (for reviews, see JafarNejad et al., 2010; Takeuchi and Haltiwanger, 2010) . We found that in the intestine Gmd acts in a fringe-independent but Ofut1-dependent manner to influence commitment, probably by promoting high-level Notch signaling through fucose modification. Furthermore, the decision to commit and not to self-renew has a higher requirement for Notch signaling than does terminal differentiation into either cell type. A requirement for high-level Notch signal for commitment provides a potential mechanism by which the ISCs could be protected against loss by weak signals that could otherwise drive terminal differentiation.
MATERIALS AND METHODS

Drosophila stocks and clonal analysis
Adult flies were kept in freshly yeasted tubes, changed every 2 days and kept at 25°C unless otherwise noted. The mosaic analysis with repressible cell marker (MARCM) technique (Lee and Luo, 1999) was used using stocks previously described (Bardin et al., 2010) . MARCM was combined with the lacZ lineage labeling technique (Harrison and Perrimon, 1993) For the GFP and lacZ double-labeled clones, flies were heat shocked 3 days after eclosion (10 minutes, 36.5°C) and again 5 days later (25 minutes, 36.5°C). Upon a single heat shock, 7.8% of wild-type clones were double positive, whereas 12.8% of the Gmd MARCM + lacZ clones were double positive. Thus, while occurring at low frequency, double labeling of an ISC can occur with only one heat shock event. Therefore, we scored only double-labeled lacZ+ clones clearly inside a larger GFP+ clones.
The following alleles and fly stocks were used in this study: Gmd 8A9 and Gmd 11C87 (this study), Gmd H78 (Sasamura et al., 2007) , fringe 13 (Irvine and Wieschaus, 1994) , Ofut1 4R6 (Sasamura et al., 2003) , UAS-Notch cdc10 [Notch ICD (Ncdc10) ; a truncated active version of intracellular Notch (Brennan et al., 1999) ], UAS-OFUT1R245A (Okajima et al., 2005) , kuzbanian ES24 (Li and Baker, 2001) , rumi 44 (Acar et al., 2008) , Su(H) 47 (Morel and Schweisguth, 2000) , Su(H)GBE-lacZ (Furriols and Bray, 2001 ). UASNotch RNAi (VDRC #1112), esgGAL4 tubGAL80ts UAS-GFP and esglacZ (Yagi and Hayashi, 1997) .
Quantification and statistical analysis
Only posterior midgut tissue was analyzed. in Fig. 1I , Delta+ cells per clone at 5 days AHS were scored in 'stem cell clones', i.e. clones containing two or more cells. in Fig. 1J , PH3+ cells per clone were scored 5 days AHS. In Fig. 1D ,H and Fig. 5G , cells were assessed in clonal tissue, because, at 10 days, AHS individual clones could not accurately be distinguished. In Fig. 1D ,H, all Delta+, esglacZ+ and Delta+esglacZ+ cells in clonal tissue were scored. In, Fig. 1E ,H and Fig. S1 in the supplementary material, all Delta+, Spdo+ and Delta+Spdo+ cells in clonal tissue were scored. At least three representative clonal regions were counted per posterior midgut of three different flies for all of the above quantifications. The density of ees and ECs in Fig. 2M and Fig. 5H was quantified by counting the number of Pros+ cells and ECs (DAPI+ nuclei with diameter ≥7 mm), and measuring clone area using ImageJ. A 10-day time point was used to quantify terminal differentiation to ensure clones were at homeostasis.
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Development 138 (21) E332K) and the H78 deletion (Sasamura et al., 2007 The same data set used in Fig. 2 for wild-type controls and Gmd mutants is presented again in Fig. 5 for reference purposes. Fig. 3B -G, a 4-day time point after the second heat shock was used to allow cells within clones time to undergo terminal differentiation. Lineages with greater than two cells and containing at least one Delta+ cell were included in the analysis, and the cell composition of each clone was determined. ISCs were identified as Delta+ cells, ees as Pros+, ECs as cells with a DAPI+ nuclei with diameter ≥7 mm, and EBs as Delta-cells less than 7 mm nuclear diameter. Fig. 5J -P, ISCs (Delta+), ees (Pros+) and ECs (nucleus with diameter ≥7 mm), the total number of cells were counted and area of the field was measured in three representative fields per RNAi line and temperature. Fig. 6D -F,H, the pixel intensity of Su(H)GBE-lacZ signal was assessed using intensity profiling from ImageJ. In Fig. 6E , a z-test of proportions was used in which significant differences have >1.96 (95% confidence). The difference in proportion of Delta-gal-high cells between Gmd mutant and wild-type cells was not significant (0.22). By contrast, the difference in proportion of Delta+ gal-high cells was very significant (3.0). In Fig. 6F , the total number of Delta+ cells per clone at 5 days AHS was assessed.
Immunofluorescence
The fixation protocol has been described previously (Lin et al., 2008) and was used except for 
RESULTS
Gmd regulates ISC commitment but is dispensable for terminal differentiation
Through an EMS-based genetic screen (C.P., F.S. and A.B., unpublished), we identified two alleles of the gene Gmd (GDPmannose 4,6-dehydratase; Fig. 1B ) required for the synthesis of GDP-fucose, the loss of which led to an increased number and density of diploid cells, potentially stem cells. The two alleles we isolated (Fig. 1B) showed the same phenotype as a previously characterized null allele Gmd
H78
, removing a large region of the N terminus of Gmd (Sasamura et al., 2007) . All further analysis was carried out with the Gmd H78 null allele. We assessed the fate of the extra diploid cells in the Gmd mutant tissue using several markers of and/or properties of ISC and EB cells: Delta, Su(H)GBE-lacZ, clone size, the number of dividing cells/clone, escargotlacZ (esglacZ) and Sanpodo, a novel marker of the ISC. We first examined the expression of the ISC marker Delta (Ohlstein and Spradling, 2007) . Wild-type control clones contained 2.3 (±0.5 s.e.m.) Delta+ cells at 5 days after heat shock (AHS), suggesting that in our staining conditions Delta was often present in the ISC and its sister cell (Fig. 1I ). However, Gmd mutant clones had more Delta+ cells per clone (5.4±0.8 s.e.m.; Fig. 1I ). The phenotype was even more severe by 10 days AHS (Fig. 1C,F) . Although some small cells and differentiating cells did express the Su(H)GBE-lacZ Notch reporter (Furriols and Bray, 2001 ) (as presented and quantified in detail below; see Fig.  6 ), activation of which is thought to be required for the differentiation process, the majority of the Delta+ Gmd cells were negative, suggesting that these cells were stem cells. Wild-type clones contained 6.9 cells±0.6 s.e.m. per clone at 5 days AHS. Gmd clones, however, contained more cells per clone (9.6 4587 RESEARCH ARTICLE Notch levels and ISC commitment , consistent with an increase in either ISC proliferation rate or ISC number. The effect on clone size was exacerbated by 3 weeks AHS: guts were almost entirely composed of Gmd mutant tissue, suggesting that mutant clones had a growth advantage over both heterozygous and wild-type cells (see Fig.  S2 in the supplementary material). As the ISC is the only dividing cell type (Ohlstein and Spradling, 2006) , markers of mitosis such as Phospho Histone H3 (PH3) can be used to assess the capacity of supernumerary Delta+ cells to act like ISCs. Consistent with a low basal rate of proliferation , few wild-type clones contained one PH3+ cell (1.6%; n244 clones) and none contained more than one. By contrast, the number of Gmd clones containing one or more PH3+ cell was elevated (15.8%; n133; Fig. 1J,K) . Strikingly, we could also identify clones containing more than one dividing cell, indicating an increased number of cells per clone with ISC-like properties in Gmd mutant clones (Fig. 1K) . In addition, all Delta+ diploid cells in Gmd mutant clones express esglacZ a marker of both ISCs and EBs (100%; n235 cells; Fig. 1D ,G) (Micchelli and Perrimon, 2006) . Finally, we identified Sanpodo (Spdo) as a new marker for the ISC (O'Connor-Giles and Skeath, 2003) . Spdo was largely coexpressed with Delta in wild-type intestines (91% of the Delta+ cells were Spdo+, n168; Fig. 1E ; see full characterization in Fig.  S1 in the supplementary material). We found that Gmd Delta+ cells co-expressed Spdo (95.6% of the Delta+ Gmd mutant cells were Spdo+, n412; Fig. 1H ; see Fig. S1 in the supplementary material). Altogether, these data suggest that loss of Gmd results in an increased number of ISCs.
We then assessed terminal differentiation in Gmd mutants. Gmd tissue had wild-type densities of Pros+ ees and large polyploid ECs ( Fig. 2A,B ,E,F,M). In addition, the overall tissue morphology appeared largely unaffected (Fig. 2C,D,G,H) . The Gmd phenotype was distinct from those previously reported for loss of Notch signaling components that strongly affected terminal differentiation and led to increased numbers of Pros+ ees and complete loss of ECs (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006; Ohlstein and Spradling, 2007; Bardin et al., 2010) as shown here for Su(H) (Fig. 2I,J) and kuzbanian (Fig. 2M) . Additionally, loss of canonical Notch components led to a multi-layering of ISCs and ees, which was not observed in Gmd mutant tissue (Fig.  2C,D ,G,H,K,L). We conclude that Gmd is required for proper commitment of the ISC.
Gmd mutant ISCs retain multipotency
These data suggested that increased numbers of ISC-like cells were produced in Gmd mutant clones, whereas at the same time producing the proper cellular density of terminally differentiated cells. Two models could explain this: (1) Gmd mutant tissue contains a single population of stem cells that is capable of dividing in two modes either to produce one stem cell and one differentiated cell, or to produce two stem cells; (2) two populations of stem cells
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Development 138 (21) (Lee and Luo, 1999) . We also generated clones of cells expressing a lacZ marker following the recombination of the tubulin promoter with the lacZ open reading frame (Harrison and Perrimon, 1993) (Fig. 3A) . Important for our analysis were the previous observations that recombination between the tubulin promoter and lacZ gene, present in trans on homologous chromosomes, occurs almost exclusively in mitotically dividing cells (Harrison and Perrimon, 1993; Fox et al., 2009) .
We selected only Gal+ lineages that were entirely GFP+ and surrounded by GFP+ cells, suggesting that the Gal+ lineage was induced after the MARCM recombination event. A 4-day time point was used for analysis to allow time for lineages to produce differentiated cells while avoiding caveats of clone fusion after 4 days. As shown above, Gmd lineages had extra Delta+ cells when compared with wild-type lineages (Fig. 3C,E) . In order to assess the potency of the ISCs, we determined the cell types present in each lineage: ISCs marked by Delta, ees marked by Pros, ECs identified by a large nucleus. Diploid unmarked cells were interpreted as EBs. Importantly, no Gmd lineages (n39) contained only Delta+ cells, excluding the existence of a second, unipotent population of Gmd mutant ISCs. Furthermore, we found that 57.7% of wild-type (n25) and 71.0% of Gmd lineages (n39) contained only one of the two differentiated cell types, either ee or EC (Fig. 3F) . This is consistent the fact that our analysis was carried out 4 days after the second heat shock and that probably not enough time had elapsed for a single ISC to produce both differentiated cell types. Importantly, both 28% of wild-type (n25) and Gmd lineages (n39) were multipotent ('multipotent' defined as containing one or more Delta+ cell, at least one ee and at least one EC; Fig. 3B-F) . When analyzed per gut, there were more multipotent lineages in Gmd (Fig. 3G) . These data suggested that loss of Gmd results in extra ISC-like cells that are a single multipotent population, capable of producing either two stem cells or one stem cell and one cell that terminally differentiated.
Loss of fucosyltransferase activity of Ofut1 mimics loss of Gmd
Gmd is required for the biosynthesis of GDP-fucose that is used as a substrate of fucosyltransferases to modify lipids, glycans and proteins. Consistent with this, the GDP-fucose-dependent epitope recognized by the horseradish perioxidase (HRP) antibody (Seppo et al., 2003) was lost in clones of Gmd in a cell-autonomous manner (Fig. 4A,AЈ) . Thus, in the midgut, GDP-fucose production requires Gmd, as in other contexts, and is not provided via gap junctions from neighboring cells as proposed in the wing epithelial cells (Sasamura et al., 2007; Okajima et al., 2008) .
Gmd is required for the O-fucosyltransferase-1 (Ofut1)-dependent modification of Notch (Okajima et al., 2005; Sasamura et al., 2007) . Consistent with Notch being the relevant fucosylation target in the adult midgut and with Gmd acting upstream of activated Notch, we found that the expression of activated Notch suppressed the formation of supernumerary Delta+ ISC-like cells in the Gmd mutant and resulted in terminal differentiation into EC cells (Fig. 4B,C) . Ofut1 has two distinct molecular activities: a protein fucosyltransferase activity that modifies Notch EGF repeats with fucose and a chaperone function. The fucosyltransferase function is required for further modification of Notch by the Nacetylglucosaminyltransferase Fringe, whereas the chaperone activity promotes proper folding and trafficking of Notch from the ER to the cell surface and is essential for Notch signaling (Okajima et al., 2005; Okajima et al., 2008; Vodovar and Schweisguth, 2008 ) (see also Fig. 6F ). As fucosyltransferase activity of Ofut1 is dispensable for trafficking of Notch from the ER to the cell surface, Gmd loss should not affect Notch localization. Indeed, Notch localization appeared unaffected in Gmd cells (Fig. 4D-F ) (Okajima et al., 2005; Okajima et al., 2008; Vodovar and Schweisguth, 2008) . Ofut1 protein was expressed preferentially in small diploid cells in the intestine (Fig. 4G) .
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We next examined whether the Ofut1 fucosyltransferase activity was required to limit the ISC pool. To separate chaperone and transferase functions, we compared Ofut1 4R6 clones (null lacking both activities) and null clones expressing OFUT1R245A mutant protein retaining chaperone activity but lacking fucosyltransferase activity (Okajima et al., 2005; Okajima et al., 2008) . Concurrent loss of chaperone function and transferase activity affected both Delta+ cell specification and terminal differentiation (Fig. 4H,HЈ) . However, the specific loss of fucosyltransferase activity resulted in an increase in Delta+ ISC-like cells, without affecting the specification of differentiated Pros+ ees or large ECs, like loss of Gmd (Fig. 4I,IЈ) . We conclude that the role of Gmd in the midgut is to produce GDP-fucose that then serves as a substrate for Ofut1 fucosyltransferase.
Fringe is not required to limit ISC self-renewal
Fucosylated residues of Notch can also be further modified by the glycosyltransferase Fringe in some developmental contexts, a modification that modulates ligand binding (Panin et al., 1997; Bruckner et al., 2000; Moloney et al., 2000) . Indeed, the only known function of Gmd in Drosophila is in Fringe-dependent Notch signaling (Okajima et al., 2005; Sasamura et al., 2007; Okajima et al., 2008) . Here, we found that ISC specification and terminal differentiation in fringe clones were indistinguishable from wild-type clones (Fig. 4J,JЈ) . Therefore, Ofut1-mediated fucosylation affects a process in the intestine that does not require fringe. Thus, loss of Gmd probably affects Notch signaling independently of Fringe, possibly by adding fucose on Notch that may influence the interaction of Notch with Delta. Indeed, work in mammalian cells has demonstrated that fucosylation of Notch increases its capacity to signal through increased binding to Delta (Moloney et al., 2000; Chen et al., 2001; Stahl et al., 2008) .
High-level Notch signaling is important for the self-renewal/commitment choice
Our data suggested two possibilities: (1) GDP-fucose modification is specifically required for commitment to occur, perhaps by altering the nature of the signal; or (2) GDP-fucose modification acts to make Notch signaling more efficient, promoting high signaling levels, which, in turn, are important for commitment of the ISC. To test this possibility, we used several genetic contexts to modulate Notch activity. Rumi is a glycosyltransferase that conjugates glucose on to the extracellular domain of Notch. The requirement for Rumi in Notch signaling events is dependent on temperature (Acar et al., 2008) . At 18°C, rumi 44 cells have nearly wild-type Notch activity, whereas at 28°C they exhibit little Notch signaling activity (Acar et al., 2008) . In the intestine, rumi 44 mutant clones were indistinguishable from wild-type control clones at 18°C, suggesting that both ISC and differentiated cell specification occurred normally (Fig. 5A ,AЈ,G-I). However, at 21°C and 22°C, ISC commitment, but not terminal differentiation, was affected: rumi 44 mutant clones had increased numbers of Delta+ cells but the ratio of differentiated ees to ECs was unaffected, as in Gmd   H78 clones (Fig. 5B-CЈ,G-I) . Thus, the self-renewal/commitment choice appeared to be specifically affected, whereas the ee/EC terminal differentiation choice was not detectably altered. At 23°C, there were many diploid Delta+ cells when compared with wild-type controls and a very mild increase in the ratio of ees to ECs. Nevertheless, most ees appeared as pairs, as in wild type, and ECs were normally specified (Fig. 5D,DЈ,G-I) . At 25 and 28°C, both ISC commitment and terminal differentiation were strongly affected: a large increase in Delta+ cells was detected and the ratio of ees to ECs was strongly increased, resulting from increased numbers of Pros+ ees. At 28°C, large polyploid ECs were no longer observed (Fig. 5E-I) .
Furthermore we used RNAi directed against Notch to test further the effect that lowering the levels of Notch signaling had on the commitment decision. Using the TARGET system (McGuire et al., 2004) in which the GAL4 inhibitor GAL80 can be controlled by temperature, we assessed the phenotype induced by reducing the Notch receptor ( Fig. 5J-P) . In control intestines, 12.9% of cells were Delta+ versus 34.4% upon reduction of Notch activity at 22°C, whereas terminal differentiation was unaffected (Fig.  5J,K,N) . Consistent with an expansion of the number of ISCs, there was a mild increase in the density of both ees and ECs upon Notch silencing at 22°C, as in rumi mutants at 21 and 22°C, although the ratio of the two differentiated cell types was not affected (Fig.  5J ,K,O,P). At 25 and 28°C, we observed both a dramatic increase in number of ISC-like cells (Delta+ cells) and ees (Pros+ cells), and concomitant loss of ECs (large nuclei; Fig. 5L-P) . Together, these data strongly suggest that the self-renewal/commitment decision requires a high level of Notch activity, whereas the ee/EC terminal differentiation choice can occur properly with reduced levels of Notch activity.
Gmd is required for Notch signaling to be reliably activated in daughter cells
We next assessed nuclear Notch activity in Gmd mutant cells using the reporter Su(H)GBE-lacZ. Consistent with its previously described expression in EB cells in response to Notch signaling (Micchelli and Perrimon, 2006) , Su(H)GBE-lacZ was expressed in wild-type clones and absent in kuzbanian clones lacking Notch activation (Fig. 6A -AЉЈ,C-CЉЈ). We found that Su(H)GBE-lacZ was activated in cells within Gmd mutant clones, indicating that GDPfucose is not essential for Notch signaling in the gut (Fig. 6B-BЉЈ) .
The Su(H)GBE-lacZ signal intensity (Gal levels) was quantified in cells with small nuclei (3-5 mm) corresponding to ISCs, EBs, undifferentiated ECs and ees (Fig. 6D) . First, Gmd and wild-type clones contained similar percentages of Delta negative (Delta-) small cells with high Gal levels (Fig. 6E, graph 1) . These cells probably correspond to differentiating EBs. This result is consistent with our finding in Fig. 2 that differentiation was unaltered in Gmd mutants. Second, consistent with our data in Fig.  1 , we found that Gmd clones contained more Delta+ 'Gal low' cells, probably corresponding to ISCs (5.75±0.89 s.e.m., n24 clones) than wild type (1.93±0.24 s.e.m., n29 clones) at 5 days AHS (Fig. 6F) . Third, we observed a threefold increase in a population of small Delta+ cells that were 'Gal high' in Gmd mutant clones (26.6%, n188 Gmd mutant cells; 8.2%, n61 wild-
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Development 138 (21) type cells; Fig. 6E , graph 2, 6F). These cells co-expressed Delta, an ISC marker, and Su(H)GBE-lacZ, an EB marker, and may represent cells that have not yet accumulated high enough levels of Notch activity to exit self-renewal and differentiate. Interestingly, we found that 23.5% of dividing Gmd cells (n34 cells) expressed detectable levels of Su(H)GBE-lacZ (Fig. 6G,GЈ) . These cells were also found to express Delta (n10 cells; Fig. 6G,H,I ). Dividing cells expressing Su(H)GBE-lacZ were not observed in wild-type 4591 RESEARCH ARTICLE Notch levels and ISC commitment intestines (n38, Fig. 6H ; n11, Fig. 6I , data not shown). Thus, a majority of dividing Gmd mutant cells are Delta+Su(H)GBE-lacZ-(76.5%) and a subset are Delta+Su(H)GBE-lacZ+ (23.5%). Together, these data suggest that Gmd and high-level Notch activation are required for 'reliable' activation of Notch signaling after every ISC cell division, allowing one ISC daughter to undergo commitment.
DISCUSSION
Our results show that the self-renewal/commitment decision has a specific requirement for high Notch signaling levels. Using loss of Gmd activity, loss of Ofut1 catalytic activity, rumi mutants at 21 and 22°C and RNAi against the Notch receptor at 22°C, we could uncouple self-renewal/commitment from the ee/EC terminal differentiation decision. We propose that after ISC division, one of the two ISC daughter cells first receives a high, GDP-fucosedependent, Notch commitment signal to exit the self-renewal program and that terminal differentiation into ee or EC can occur via lower Notch activity (Fig. 7) . We hypothesize that a subset of cells lacking Gmd could activate Notch signaling to some extent but not to high enough levels to commit. These cells would therefore express detectable Su(H)GBE-lacZ though fail to commit, and would reenter self-renewal and cell division. It has also been proposed that the EC fate, but not the ee fate, is dependent on Notch signaling (Micchelli and Perrimon, 2006; Beebe et al., 2010) . Our data could also be consistent with this model, although our data suggest that precise control of commitment, requiring high-level Notch signaling, is at least indirectly important for specification of both terminal differentiated cell types, as failure to commit produces supernumerary multipotent ISCs. Our finding that the reliable commitment of one ISC daughter at each cell division relies on high-level Notch receptor activation is somewhat surprising in light of previous work suggesting that different levels of Notch signaling dictate the terminal fate of EBs (Ohlstein and Spradling, 2007) . How then can a level-based Notch signaling be used to instruct the terminal differentiation status of the same cell that has received a high level of Notch signaling to exit self-renewal? We speculate that regulation of Delta ligand levels in the ISC after the commitment decision may then control further activation of Notch transcriptional output, thereby promoting terminal differentiation choice. This would be consistent with both our findings and those Ohlstein and Spradling, who observed a correlation of Delta levels with recent daughter terminal cell fate (Ohlstein and Spradling, 2007) .
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The Drosophila intestine represents an important system in which to understand the interplay between cell fate decisions and tissue homeostasis. It is currently unclear when and how the ee and EC terminal differentiation fate choices are made. There are three possibilities.
(1) The state of the ISC prior to its cell division (such as expression levels of Delta or another factor) could dictate the outcome of the daughter terminal differentiation decision occurring after division. Thus, the choice between ee and EC fate of the daughter cell terminal has already been made at the time of cell division.
(2) Alternatively, the state of the ISC may be plastic and have the capacity to be altered after cell division (perhaps via levels of Delta) to impact the terminal fate of its neighboring sister cells. In this model, the terminal differentiation decision is not pre-made, but can be modulated in the ISC after cell division.
(3) Finally, it is possible that the presumptive EB is the recipient of signals both from the ISC (like Delta) but also parallel input that could communicate the needs of the tissue necessary to decide between ee and EC fates.
Our findings do not fit well with a model in which levels of Delta ligand in the ISC prior to division would dictate daughter terminal cell fate. Indeed, it is not clear how a low level of Delta ligand [promoting ee cell specification (Ohlstein and Spradling, 2007) ] would provide high enough levels of Notch activation for commitment to occur. A model postulating that the ISC is plastic in state and could be modified to accommodate the needs of the tissue and dictate the terminal differentiation of its sister cell would best fit our data and that of Ohlstein and Spradling (Ohlstein and Spradling, 2007) . Importantly, our findings that the selfrenewal/commitment step can be affected without impacting the terminal differentiation process or the relative abundance of the ee and EC cell types suggest that commitment does not simply arise from activation of the terminal differentiation process, at least in the genetic contexts of our experiments.
We note that our findings raise the possibility that stem cell numbers in the intestine may be controlled through modulation of Notch signaling levels, which could affect self-renewal without affecting terminal differentiation. Understanding how each step of cell fate is acquired in the relatively simple Drosophila ISC system may provide significant insight in to more complicated mammalian lineages that may use similar strategies in which stem cells can choose between three or more cell fates.
Interestingly, the 'mistakes' in commitment seen either in the Gmd mutant or in the rumi mutant at 21 and 22°C did not occur at each and every ISC division, but the EB cells, when produced, could appropriately terminally differentiate. What might be the source of this variability and is it inherent to the commitment decision? One possibility could be stochastic cell-to-cell variability [such as in gene transcription, chromosomal domain replication, protein expression, signaling network and/or cell cycle kinetics (Colman-Lerner et al., 2005; Chang et al., 2008; Spencer et al., 2009; Gilbert, 2010; Raj et al., 2010) ]. Thus, in a stochastic manner, individual daughter cells with weakened Notch pathway activity maybe able to reach levels of pathway output required for commitment or not depending other components of the Notch signaling network. Could the commitment decision be inherently more susceptible variation to signaling levels? One possibility is that the timing of the commitment decision is made during a shorter time window, perhaps in the G1 phase of the cell cycle (Mummery et al., 1987; Orford and Scadden, 2008; Singh and Dalton, 2009; Lange and Calegari, 2010) , than that of the terminal differentiation decision, necessitating signaling modulators to boost signaling that are not required for terminal fate decisions with a longer time window. A requirement of high-level signaling for commitment choices could represent a strategy whereby stem cells must first cross a high signaling barrier for commitment to occur prior to the terminal differentiation process and could provide insurance that the stem cell pool is not lost. In some instances, it may be preferable to gamble having too many stem cells in a tissue, possibly putting the tissue in jeopardy for development of a cancer-like state, rather than risk the depletion of tissue specific stem cells that may have more immediate detrimental consequences on the tissue. Consequently, commitment decisions may need specific modifiers of signaling networks that may not be required for generalized function of these signaling networks. It will be important to determine whether this model is a more general feature of stemdaughter cell decisions.
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Notch levels and ISC commitment A highlevel Notch signaling barrier needs to be crossed in order for ISCs (red) to exit the self-renewing state and become committed (white). Inability to reach this high level either by loss of Gmd or reduction of Notch signaling levels results in ISC divisions producing two ISCs. It is likely that attaining high level signaling must be achieved within a given time window or cell cycle state. However, terminal differentiation of committed EBs into ee (blue) or EC (dark gray) cells can occur with lower levels of Notch signaling and does not require Gmd. A requirement for high-level signaling may ensure that the stem cell pool is protected and not lost through weak differentiation signals.
